Modelling mass movements and landslide susceptibility by Gruber, S et al.
University of Zurich
Zurich Open Repository and Archive
Winterthurerstr. 190
CH-8057 Zurich
http://www.zora.uzh.ch
Year: 2008
Modelling mass movements and landslide susceptibility
Gruber, S; Huggel, C; Pike, R
Gruber, S; Huggel, C; Pike, R (2008). Modelling mass movements and landslide susceptibility. In: Hengl, T;
Reuter, H I. Geomorphometry. Amsterdam, 527-550.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Hengl, T; Reuter, H I 2008. Geomorphometry. Amsterdam, 527-550.
Gruber, S; Huggel, C; Pike, R (2008). Modelling mass movements and landslide susceptibility. In: Hengl, T;
Reuter, H I. Geomorphometry. Amsterdam, 527-550.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Hengl, T; Reuter, H I 2008. Geomorphometry. Amsterdam, 527-550.
CHAPTER 23
Modelling Mass Movements and
Landslide Susceptibility
S. Gruber, C. Huggel and R. Pike
spatial modelling of potential slope instability by geomorphometry · rapid
mass-movements in an alpine environment · parameterising single- and
multiple-ﬂow-directionmodels ·ﬂow-routing, run-out, and deposition · re-
gional modelling of shallow and deep-seated landsliding in hilly terrain ·
parameterising a susceptibility model for deep-seated failure · advantages
and limitations of DEM-based approaches
1. INTRODUCTION
Mass movement (slope instability or “failure”) is an important geo-/ecosystem
process in landscapes ranging from gentle hills to steep mountains. Debris flows,
rock falls, deep-seated landslides, snow avalanches, and other movements also can im-
pact the built environment and threaten human life. Because both the source areas
and the downslope paths traced by mass movements are strongly controlled by
land-surface form, simple model approaches that rely mainly on topography can
aid in understanding these failures and their effects. Advances in GIS technology
and the mathematical/statistical tools for modelling and simulation, as well as the
increasing availability of DEMs, have led to many applications and a growing liter-
ature. The methods and techniques employed range from empirical and heuristic
to statistical and physically-based, and each brings its own unique advantages and
disadvantages that determine its suitability for a given type of mass movement
and application. This chapter samples two of the many approaches that employ
geomorphometry. Other methods are referenced as well, and we have sought to
explain our examples in sufficient detail for the readers to be able to apply the
techniques for themselves.
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2. MODELLING THE PROPAGATION OF MASS: THE AFFECTED AREA
AND DEPOSITION
2.1 Background
The methods and case studies on modelling the propagation of mass presented
in this section originate from research in steep high-mountain areas. Here, rapid
environmental changes — currently even more pronounced due to accelerating
atmospheric warming — are causing glaciers to retreat and permafrost to thaw (Gru-
ber and Haeberli, 2007). The resulting rapid formation of potential new release
areas for mass movements, such as debris flows, and rock or ice avalanches, re-
quires techniques that can quickly evaluate the extent of these potential hazards.
This can aid decisions about where detailed investigations, field measurements
or monitoring should be carried out, and, in particular, where the need is ur-
gent.
The techniques for this initial assessment should be easily and quickly ap-
plicable to large areas. Furthermore, they should require very little input data,
because for most high-mountain areas, there is usually little accurate information.
The input to the models proposed here consists of only two spatial data fields:
(a) location of source areas (starting zones) and the amount of material mobilised
in them; and (b) a DEM.
REMARK 1. Geomorphometry can aid the assessment of slope instability, espe-
cially the reproducible delineation of areas susceptible to future failure.
Many studies have used geomorphometric models for determining affected
areas and the amount of deposition that can be expected. For debris flows or
ice avalanches, the potential hazards have been assessed using flow propagation
schemes identical or similar to the ones shown here (Huggel et al., 2003, 2004;
Salzmann et al., 2004; Noetzli et al., 2006). The LAHARZ model (Iverson et al.,
1998) propagates lahar flows over a DEM to the point where the depletion of the
mass halts the flow. To determine the deposition characteristics, the geomorpho-
logical model LAPSUS uses a multiple flow-direction algorithm, path length and
run-out distance (Claessens et al., 2006) for different types of debris, or for their
differing transport, detachment and settlement capacities (Schoorl et al., 2002).
Many publications on non-geomorphometry-specific propagation models of de-
bris flows (Hungr, 1995; Gamma, 1999; O’Brien et al., 1993; Bartelt et al., 2005;
McArdell et al., 2004) and avalanches (Sampl and Zwinger, 2004) can serve as start-
ing points for further reading.
2.2 Why use parametrisation methods to model the movement of
mass?
Instead of representing the physical processes of the event, parametrisation mod-
els describe movements of mass in terms of simple parameters. Their great advan-
tage is that they can be applied straightforwardly. When compared with models
explicitly representing physical processes, they usually:
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• require less input data;
• need less computation time;
• are more easily available; and
• require less technical know-how.
On the other hand, they provide no, or only limited, information regarding
the dynamics of flow processes and are often less suitable for application out-
side their validated domain, compared with models based on physical processes.
Which type of model is preferable is thus more a matter of how suitable a model is
for a certain purpose, rather than its technical sophistication. Fast parametrisation
techniques are often a great asset because they can be applied and employed over
large areas. Models based on physical principles or on field measurements and
monitoring are usually more appropriate at a later stage, in more detailed studies.
REMARK 2. DEMs, together with an understanding of landslide processes, en-
able models of mass-movement to be parameterised over large areas.
Neither complex models based on physical processes nor simple parametrisa-
tion schemes release one from the responsibility of sufficiently understanding the
phenomenon (of e.g., a debris flow) that is being modelled and the consequences
of the simplifications and errors inherent in whichever model is being used. It is
also important to provide a careful interpretation of the results. The methods in
this section are described in sufficient detail to be implemented in ArcGIS or in
programming languages such as IDL or Matlab.
2.3 Modiﬁed single-ﬂow-direction model
2.3.1 The trajectory and the ﬂow-routing component of the model
Single-flow-direction approaches are feasible for mass movements, such as small
rock falls or small ice avalanches, which take the steepest descent path along a rel-
atively small corridor. In other processes, such as debris flows or rock avalanches,
the flow deviates from the steepest descent path and spreading can be observed.
A single-flow-direction path cannot model this process accurately. We there-
fore introduce a model that makes it possible to calculate multiple flow direc-
tions based on single flow direction (D8) and other standard functionalities of
ArcInfoTM/ArcGISTM. This model, known as Modified Single Flow Direction (MSF),
was developed by Huggel et al. (2003). It is based on the principle of a mass move-
ment (e.g., a debris flow) being propagated down slope from a specified initiation
point. The central flow-line of the mass is assumed to follow the steepest descent
path, as calculated by the D8 algorithm.
To account for flow spreading, a diversion function Fd has been incorporated
into the model. This function allows the flow to divert from the steepest descent
path by as much as 45° on both sides. This model is thus better equipped to
simulate the different characteristics of processes such as debris flows or larger
avalanches when moving along confined channel sections (characterised by con-
verging flow and thus limited spread) and on relatively flat or convex terrain
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(characterised by diverging flow and thus a greater spread). Once the areas po-
tentially affected by the mass movement have been delineated, a function Pq assigns
to each grid cell i, the relative probability of it being affected. The probability,
described by the function Fr, indicates that the more the flow diverts from the
steepest descent path, the greater the resistance. Fr yields a cell value that in-
creases down-valley (i.e. with increasing distance) from the initiation location, and
increases laterally (i.e. with increasing flow resistance) at an angle of 45° from the
steepest descent path. The ratio between Fr and the horizontal distance L from
each cell i to the starting zone represents a functional probability value and, for
each cell, there is a probability value of it being affected by the movement of the
(ice/rock) mass:
(2.1)Pqi = LiFri
where Pqi depicts a qualitative index (for visualisation purposes), rather than
a mathematical probability in the strict sense of the term.
2.3.2 The ﬂow-reach component of the model
The flow-reach component corresponds with the approach used by the single-
flow-direction propagation model. Accordingly, the H/L ratio is defined as a stop-
ping condition for the trajectory stage of the flow (H is the difference in elevation
and L the path length). The trajectory component of the MSF model usually pro-
vides the potential maximum inundation zones of a mass-movement event. Thus, it
indicates which areas are more or less likely to be affected. Consequently, the run-
out distance should also be based on a maximum. A reasonable H/L ratio has to
be evaluated on the basis of empirical data for the type of mass movement that
is being modelled. The fact that large mass movements are often characterised by
flow transformations should also be taken into consideration. Debris avalanches,
for instance, may change into debris flows and eventually into hyper-concentrated
stream flows (Rickenmann, 1999). To accommodate these types of transformations,
the run-out length is extended for the more fluid processes.
For debris flows in the Alps, a minimum H/L ratio of 0.19 (corresponding to
a slope of 11°) has been found (Rickenmann, 1999; Huggel et al., 2003), but again,
larger and more fluid debris flows in other regions may show lower H/L ratios and
consequently a larger flow reach. For some mass movements, such as debris flows
or debris avalanches, the H/L value can be derived from a relationship between
flow volume and H/L (e.g., Rickenmann, 1999).
2.3.3 Implementing the model in ArcGIS
The basic input to the model is the DEM and a starting zone that defines where
the mass movement began. Both (called dem and source here) must be available
as ArcInfo grids. The starting zone is represented by a number of grid cells. In
principle, since there is no implicit consideration of volume, there is no limitation
to the number of grid cells that may be selected as the starting location. In practice,
however, it is recommendable to use a limited array of cells, because, otherwise,
the calculation of the downslope propagation may be too extensive and divergent.
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An exception can be mass movements such as rock falls, for which it may be useful
to assess multiple-failure zones. Before starting to run the model, the elevation
data should be corrected for any topographical sinks (ArcGIS command sink) that
can hinder the propagation of the flow (see also Section 2.8 in Chapter 4).
To implement the model in ArcGIS Workstation or ArcInfo, it is first necessary
to calculate the flow direction from the DEM and using the D8 algorithm:
Grid: fldir = flowdirection ( dem )
For use later in the model, flow directions need to be converted to values ex-
pressed in degrees:
Grid: fldir_deg = con(log2(fldir) < 6, (log2(fldir) + 2) * 45,
( log2(fldir) - 6 ) * 45 )
The calculation of flow propagation downslope, both along the steepest de-
scent path and in the 45° lateral diversion, is based on the ArcGIS command:
pathdistance (a detailed description of this command can be found in the ex-
tensive help function provided by ArcGIS):
Grid: Li = pathdistance( source,#,#,fldir_deg,
"FORWARD ZEROFACTOR=1",#,#,#,start_z,#,int(dem) )
with Li representing the horizontal distance from the starting location of the flow
to each cell potentially affected by it. The function Fri, which gives values increas-
ing in horizontal distance from the source location and the lateral flow divergence
(increasing flow resistance), is based on a modified pathdistance command:
Grid: Fri = pathdistance( source,#,#,fldir_deg,
"linear cutangle=90",#,#,#,#,#,dem )
As defined above, the index Pqi is calculated by:
Grid: Pqi = Li / Fri
To constrain the flow propagation by the stopping condition, we need to know
the H/L ratio at the locations of all the cells:
Grid: Hi = start_z - dem,
where Hi is the vertical distance of the cell i from the maximum elevation of the
start location start_z. The ratio H/L is then derived by:
Grid: H_L = Hi / Li.
It is essential to define the appropriate H_L value, since it defines the run-out
of the mass flow, and therefore has to be carefully evaluated for each individual
case. As an example, we use here a H_L value of 0.19:
Grid: H_L_lim = con(H_L >= 0.19, H_L)
Finally, to apply the limiting flow-reach condition to the modelling of the com-
plete flow, we use a simple ArcGIS function:
Grid: Pq_limi = H_L_lim + Pqi - H_L_lim
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Pq_limi is a grid, the cell values of which represent a qualitative index of the
probability of being affected by the simulated mass flow which has a stopping
condition equivalent to the defined H_L value.
2.4 Multiple ﬂow directions
2.4.1 The ﬂow-routing component of the model
Multiple Flow Direction (MFD) methods are well-suited for modelling divergent
flow. The method and notation for designating neighbouring cells is described in
Section 3.2 of Chapter 7, but some basics are briefly repeated here. Mass M in
one cell is propagated by distributing it to its eight neighbours. These are indexed
NBi. In classical MFD methods, the fraction of mass d that is propagated into the
neighbouring cell NBi is given by:
(2.2)dNBi = tan(βNBi)
v∑8
j=1(tan(βNBj)v)
To control excessive dispersion, we introduce an additional feature at this
stage: the draining fractions dNBi are corrected to bring them either to zero, or to
a value at least larger than a threshold r. This restricts the lateral (sometimes nearly
horizontal) propagation of extremely small amounts of mass. First, dNBi is cor-
rected for small values. This then becomes cNBi:
(2.3)cNBi =
{
cNBi if dNBi  r
0 if dNBi < r
The next step is to obtain the corrected draining fractions cdNBi by bringing the
sum over all neighbours to unity in order to preserve mass:
(2.4)cdNBi = cNBi∑8
j=1 cNBj
.
Finally, using cdNBi, the propagation of mass is computed
(2.5)MNBi = cdNBi · M
In the examples presented, we use r = 0.01.
2.4.2 The ﬂow-reach component of the model
For the run-out distance approach, we need to determine H/L for each cell. Con-
sequently, not only mass M, but also spatial grids of its source elevation E and
accumulated path distance X need to be computed during flow propagation. For
each cell, E is the average of the original elevations of each part of mass M that is
flowing though that cell, and X is the average travel distance covered by each part
of the mass. Both E and X are propagated in a mass-weighted way. This is because
H/L is a proxy that contains potential energy (characterised by H) as well as fric-
tional losses (characterised by L). If the source of transported mass for one event
originated from a range of elevations, then its proxy for potential energy H should
also reflect this distribution. The source elevation of the event (i.e. the product of
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mass and source elevation) is propagated as ME:
(2.6)MENBi = dNBi · ME
After flow propagation, to find the mean difference in altitude, H, for each cell,
the ME is divided by the mass in each cell M and subtracted from the DEM:
(2.7)H = DEM − ME
M
Planimetric path distance is propagated as MX (i.e. the product of mass and
the distance it has traveled). Any new mass–distance gained is then added to the
propagated MX:
(2.8)MXNBi = cdNBi · MX + LNBi · M · cdNBi
where the horizontal distance, LNB2,4,5,7, to cardinal neighbours is given by the
cell size, and the horizontal distance to diagonal neighbours, LNB1,3,6,8, is given
by the cell size multiplied by
√
2. After flow propagation, to find the mean travel
distance, MX is divided by the mass in each cell:
(2.9)X = MX
M
Finally, the overall angle α of the mass movement in each cell is determined as:
(2.10)α = arctan
(
H
X
)
The approach put forward here makes it possible to calculate H/L in a mass-
weighted way. This can be useful for a number of investigations. Bear in mind that
the H/L method originated from field mapping, where both the highest point of
a starting zone and the lowest point of a deposit could easily be determined; and
where both the distribution of initial mass and the effect of the flow path were
unknown.
2.4.3 Deposition
The multiple-flow-direction approach can be used together with a deposition func-
tion (see Section 3.2 in Chapter 7 and Gruber, 2007). The method used in this
deposition function is mass conserving and also allows the depletion and termi-
nation of a mass movement to be modelled. When determining the area affected
by an event, this offers an alternative to H/L, because it requires finding the de-
position parameters rather than the run-out ratio. This is an effective method for
resolving differences in topography (e.g., divergent flow on a fan vs. a channelled
flow path). However, much more published experience is available for the run-
out method, the older approach. Deposition is a data product with an information
content that extends beyond the affected area. Because more assumptions need
to be made and more parameters need to be determined, it is also more difficult
to assess the quality of deposition data. The required input for this method con-
sists of regular grids of maximum deposition Dmax, elevation z and initial mass I.
Dmax and I are specified in units of mass or volume per unit area, e.g. kg m−2.
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Here, maximum deposition Dmax is determined by local characteristics, and these
are independent of the volume of mass being transported. Therefore, events of dif-
fering magnitude are related to different run-out distances. However, where the
events are of equal magnitude, and the path and deposition geometry are variable,
the run-out distances will still be different. For instance, deposition in a channel
will result in a larger run-out than on a convex fan with a divergent flow. A sim-
ple function is used to relate Dmax to what is assumed to be its most important
determinant — the local angle of slope, β:
(2.11)Dmax =
{(
1 − β
βlim
)γ · Dlim if β < βlim
0 if β  βlim
Here, Dlim is the limiting deposition, i.e. the maximum deposition that would
occur on horizontal terrain, the limiting slope βlim denotes the maximum steep-
ness at which mass is deposited, and the exponent γ is used to control the relative
importance of steep and gentle slopes. Deposition D in each cell is limited by the
local maximum deposition Dmax and the available mobile mass M:
(2.12)D =
{
M if M < Dmax
Dmax if M  Dmax
where M is the sum of the initial input I and flow received from the neighbouring
cells. The only mass that can be drained is the free-flowing mass that has not yet
been deposited. The flow FNBi into each neighbour NBi is given by:
(2.13)FNBi = (M − D) · cdNBi
By computing transport and deposition, grids of deposition D and mobile mass M
expressed, respectively, in units of mass or volume per unit area, can be formed.
After computation, the total input I equals the total deposition D. Exceptions to
this are the transport of material out of the model domain if not all the relevant
deposition areas are included or where there is a loss of mass because sinks, where
M > Dmax, were not removed.
2.4.4 Implementation
The multiple-flow-direction propagation scheme, extensions for the mass-weight-
ed determination of flow distance and source elevation, and also the deposition
functions are available as IDL source codes. The draining fractions cdNB and the in-
dex for accessing the grids from higher to lower elevations are pre-computed and
stored for use when making propagation calculations. Iterative sink-filling and
correction of horizontal areas (Garbrecht and Martz, 1997) is carried out during
the initial phase to prevent the loss of mass in sinks or horizontal areas. During the
propagation phase, the algorithm loops from higher to lower elevations through
all the cells. For each cell that contains parts of the mass, the algorithm computes
the deposition and then, if they also receive parts of the mass, updates the M of
neighbouring cells. Grids of deposition D and mobile mass M are computed. The
sum of grids D and M describes the amount of mass that has been present in each
cell.
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FIGURE 1 The track and deposits left by the June 2001 ﬂow of debris that overwhelmed the
Swiss village of Täsch. Reproduced by permission of SWISSTOPO (BA081244). (See page 750 in
Colour Plate Section at the back of the book.)
2.5 Case study: the Täsch debris ﬂow, 2001
In the following case study, we apply both the MSF and the MTD models to a re-
cent debris-flow event in the village of Täsch (in Valais, Switzerland). It started at
Lake Weingarten (3060 m a.s.l.), situated in front of a glacier, but no longer in direct
contact with it. The lake is on a large moraine deposit from the Little Ice Age that
has a steep slope, with a maximum gradient of 36°. Comprised of loose sediment,
the slope is 700 m in length. The section below the moraine, as far down the slope
as Täschalp (on the left of the curve to the right, in the flow path of the debris), is
characterised by slope angles of about 15 to 20°.
Below this section, and over a short flatter part, the flow path moves into
a steep gorge that ends just at the upper edge of the village of Täsch. Like many
Alpine settlements, Täsch lies on the debris fan of the torrent from the tributary
valley, which thus affords the village protection from floods in the main river val-
ley. The village achieved protection against floods from the tributary torrent by
constructing an armoured channel across the village. This structure, however, was
designed for flood water that does not contain a significant load of sediment. On
25 June 2001, after a period without significant precipitation, a debris flow rushed
down on Täsch, damaging or destroying considerable parts of the village (Fig-
ure 1).
Thanks to an alarm given by people who observed the debris flow at Täschalp,
there was just enough time to evacuate 150 people in Täsch, but the damage to
buildings and other installations amounted to about 12 million EURs (Hegg et
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FIGURE 2 The debris-ﬂow deposit of the June 2001 event at the Swiss village of Täsch
(photograph by Andreas Kääb).
al., 2002). The reason for this flow was that, due to deposits of ice and snow, the
lake had become blocked. This blockage was then overtopped by 6000 to 8000 m3
of water (Huggel et al., 2003). In the uppermost section, where the sediment was
unconsolidated, this body of water eroded 25,000–40,000 m3 of debris. The com-
bined mass of water and debris rushed down the tributary valley and a small part
of the debris was deposited at Täschalp, where a bridge was destroyed. During
its passage through the gorge, sediment was probably neither deposited nor mo-
bilised. At the apex of the fan, however, the front of the debris flow surged into
the constructed channel. Since the channel was not designed for such heavy loads
of sediment, it immediately became obstructed and the flow of debris spread out
onto the fan (Figure 2) causing the damage mentioned above. The total volume
of debris deposited in Täsch was in the range of 20,000–50,000 m3 (Huggel et al.,
2003).
We used a 25 m DEM (SWISSTOPO DHM25 level 2) to apply mass-propagation
models. Three cells at the draining point of Lake Weingarten were selected as start-
ing areas. Figure 3 shows the resulting H/L angles, calculated with the MSF and
MTD models. Both results agree well, in terms of their values and in the extent
of the flows shown by the models. The large flow-spread in the model, in the up-
permost section below the lake, reflects the convex morphology of the moraine
complex, which favours flow dispersion. Existing flow channels in the moraine
(with cross-sections of about 10–20 m2) are too small to be adequately represented
in the 25 m-gridded DEM. Where the model shows spreading flow on the fan, this
is comparable to the dispersion situation found at Täschalp. The modelling was,
in fact, very realistic, since debris flows in the past (where the lake had not burst)
had often attenuated and spread onto the fan.
Nowadays, because of channelisation to protect buildings and other structures
at Täschalp from floods, the channel is confined to the orographic right side. The
June 2001 event largely remained confined to the flow channel. In terms of model
evaluation, an essential section starts at the apex of the fan, at Täsch, where the
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FIGURE 3 Modelling H/L angles using the MSF (top) and the MFD (bottom) models. Map and
DEM reproduced by permission of SWISSTOPO (BA081244). (See page 750 in Colour Plate
Section at the back of the book.)
model simulates the spread of the debris flow on the fan very well. However,
the model is only of limited accuracy, since structures such as buildings, roads or
bridges, which significantly influence flow behaviour, are not represented in the
DEM. In the model, on the orographic right side below Täsch, the flow disperses
widely, which, in the simulation, gives a relatively large affected area. While this
may seem to be an error in the model, such points, in reality, may still be critical
locations, as it may be the present DEM that causes them to be affected.
For the MFD deposition model, a total flow volume of M = 50,000 m3 was
assigned to source cells. Maximum deposition was defined using Dlim = 1.5 m,
βlim = 30◦, and γ = 0.2. This corresponds to a deposition of up to 1.5 m in the
horizontal areas, to deposition starting at slope angles of less than 30°, and to
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FIGURE 4 Deposition and the total volume of ﬂow as modelled by the MFD deposition
approach (map and DEM data reproduced by permission of SWISSTOPO). (See page 751 in
Colour Plate Section at the back of the book.)
deposition predominantly on gentle slopes. Deposition and volume have units
of length (m) because they are given in unit volume per unit area (m3/m2). Fig-
ure 4 shows the results of the MFD deposition model. The simulated and observed
deposition patterns agree rather well (cf. Figure 2). However, comparison with Fig-
ure 3 also reveals that the areas where the flow is widely dispersed, especially at
Täschalp and downstream of the village, are much smaller than that shown in the
simulation.
The calculations of the H/L angle and the affected area are comparable in both
the MSF and the MFD models. The method chosen is based on ease of application:
if ArcInfo/ArcGIS are available then MSF is a more practical solution, but if the
cost of software is an issue, then the MFD method can be implemented in other
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packages. The MFD software (including that to simulate deposition), described in
this chapter, is provided on the website for this book. It can be run using the IDLTM
Virtual Machine, which is available free of charge.
2.6 Important considerations
These techniques are useful for assessing areas affected by diverse movements of
masses, or for representing them in other models. However, they should not be
used uncritically. In particular, large, fast events, such as dry snow avalanches, are
not represented very well by these approaches, because they neglect kinetic energy
and the vertical extent of the flow. Slower and smaller events, on the other hand,
are represented rather well. In many instances, uncertainties related to the size,
location and probability of the event being modelled, together with poor DEM
quality, will actually pose more serious limitations than performance of the model
itself.
REMARK 3. Areas unaffected by debris flow in a model result are not nec-
essarily without hazard; models may guide interpretation but cannot replace
experienced judgement.
3. MODELLING LANDSLIDE SUSCEPTIBILITY
3.1 Background
The increasing losses in life and property from landsliding in steepland areas have
become a concern worldwide (Pike et al., 2003). Spatial modelling of the hazard
can aid regional planners and other decision-makers in reducing this toll. Turner
and Schuster (1996), Pasuto and Schrott (1999), Reichenbach et al. (2002), Chacón
and Corominas (2003), Huabin et al. (2005), and Carrara and Pike (2008) are among
recent state-of-art summaries. Morphometric analysis of the land surface is now
a critical tool in extending our understanding of how topographic form controls
slope failure. In fact, of all natural hazards, landsliding is perhaps the one most
effectively analysed by GIS and geomorphometry.
In modelling slope failure, it is important to distinguish landslides according to
two contrasting sets of environmental circumstances and resulting types of move-
ment: shallow (e.g., the rapidly mobilised debris flows; Figure 2) and deep (various
types of slower-moving slides and flows; Figure 5). The first study (Section 2.5) in
this chapter modelled one type of shallow landsliding. The case study presented
in this section addresses largely deep-seated landsliding and describes creation of
a map that estimates likelihood of this hazard over a broad area; it demonstrates
the importance of being able to combine land-surface parameters with categorical
spatial information that is not obtainable by processing a DEM.
It is further helpful to distinguish two overarching approaches to modelling of
the hazard posed by either deep or shallow failure: one approach treats landslides
or their enclosing drainage basins as discrete landforms. Location, dimensions,
volume, shape, aspect, and other quantities of individual landslides are correlated
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FIGURE 5 Houses in Oakland, California, destroyed or damaged by a deep-seated landslide in
1958 after an unusually rainy winter (Oakland Tribune photo).
with substrate properties, local hydrometeorology, and other physical characteris-
tics to isolate causative factors and model the dynamics and likelihood of failure
(Jennings and Siddle, 1998; McKean and Roering, 2004; Glenn et al., 2006). Because
this approach to the hazard is designed for landslides as individual landforms, it
does not readily lend itself to GIS implementation over the continuous land sur-
face and thus will not be addressed further here.
3.2 Regional landslide modelling
The second, or regional, approach to modelling the landslide hazard involves ge-
omorphometry in a more central role; slope gradient, curvature, aspect, and other
quantities computed over a continuous land surface are compared and combined,
commonly with non-morphometric data, to identify areas susceptible to landslide
activity. GIS technology and the availability of DEMs now enable the approxi-
mate severity of the landslide threat to be represented over large areas in the form
of a hazard map. Slope-instability mapping has become a veritable cottage indus-
try, and hundreds of published studies are available for guidance in modelling
the hazard. We caution, nonetheless, that natural-hazard mapping is not a routine
point-and-click task to be accomplished rapidly and uncritically, a misleading ex-
pectation encouraged by the growing access to DEMs and the user-friendliness of
GIS software.
Both shallow and deep-seated failure can be assessed on a regional basis; before
presenting the case study of deep-seated landsliding that illustrates this section,
we briefly discuss regional mapping of the potential for shallow landsliding, par-
ticularly debris flows.
Because many destructive debris flows mobilise within steep concavities, their
likelihood depends strongly on land-surface form and thus can be addressed
largely by analysis of DEM derivatives (Wieczorek and Naeser, 2000). For exam-
ple, the often-cited SHALSTAB model is based on spatially constant estimates
of soil moisture and strength (resistance against shear stress) and reflects wa-
ter flow-routing controlled by slope gradient and curvature (Dietrich et al., 1993;
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Montgomery et al., 1998). The SHALSTAB procedure, based on a coupled steady-
state runoff and infinite-slope stability model, creates a map of the relative steady-
state precipitation needed to raise soil pore-water pressures to the level where
instability is likely. Locations requiring the lowest precipitation for instability (crit-
ical rainfall) are assumed to be the most likely to fail. Low-, medium-, and high-
hazard categories are assigned empirically from the frequency of actual landslide
scars compiled from field observations in each range of critical rainfall on the map.
SHALSTAB commonly is implemented with 10 m USGS DEMs, but performance is
optimised by using 2 m LiDAR data and a critical-rainfall threshold below a range
determined a-priori from local experience; these enhancements avoid designating
an unduly large area as high hazard. SHALSTAB is not unique; similar GIS-based
models, which can be parameterised for soil properties (bulk density, strength,
transmissivity), include SINMAP (Pack et al., 2001) and LAPSUS-LS (Claessens
et al., 2005). The latter study also notes some of the effects of DEM resolution. Fi-
nally, such non-topographic variables as vegetation type and storm-wind direction
are equally important GIS inputs to modelling the location of shallow landsliding
(Pike and Sobieszczyk, 2008).
REMARK 4. Both major types of slope instability — rapid, shallow, landslides
and slower-moving deep-seated landslides — can be addressed by geomorphom-
etry.
3.3 Case study: deep-seated landsliding in Oakland, California
Spatial forecasts of deeper-seated instability are approached somewhat differently
although they, too, require an inventory of known failures for proper calibration.
A landslide inventory reveals the extent of past movement and thus the probable
locus of some future activity within old landslides, but not the likelihood of failure
for the much larger area between them. However, existing landslides can be com-
bined with other spatial data to create synthesis maps that show the instability
hazard both in and between known landslides (Brunori et al., 1996; Cross, 1998;
Rowbotham and Dudycha, 1998; Jennings and Siddle, 1998; Guzzetti et al., 2005;
Van Den Eeckhaut et al., 2006). Such a map can be created by many different ap-
proaches, ranging from brute-force empiricism to a highly-parameterised physical
model of slope instability. Here, we exemplify the principles of regional landslide-
hazard mapping by a straightforward GIS model that is easy to understand.
Because a landslide-inventory layer is not available for the Baranja Hill site, we
will demonstrate the method for a part of coastal California, where slope hazards
are well developed (Figure 6). Pike et al. (2001) mapped the relative likelihood of
occurrence — susceptibility — for the deeper (e.g., rockslide and earthflow) modes
of landsliding in a large tract of diverse geology, topography, and land use centred
on the city of Oakland (Figure 7). Described in abbreviated form here, the GIS
model is based on the common observation worldwide that deep-seated failure
reflects three dominant controls: rock and soil properties, evidence of prior slope-
instability, and land-surface form. The resulting 1:50,000-scale susceptibility map
of the Oakland study area and a detailed description of the method and input
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FIGURE 6 Location of the metropolitan Oakland (Oak) study area east of San Francisco (S.F.).
The area of the four small representative maps in Figure 7 lies on the Hayward Fault, just east of
Oakland.
data are freely available online at http://pubs.usgs.gov/mf/2002/2385/. Here,
we illustrate the input data and the model results by four maps showing a small
(9 km2, Figure 7) sample of the larger (872 km2) area.
Geology The complex geology of metropolitan Oakland is mapped as 120 diverse
units, 100 bedrock formations, mostly in the hilly uplands most vulnerable to land-
sliding, and 20 Cenozoic surficial units in the coastal flatlands (Graymer, 2000).
Twenty-five representative units are listed in Table 1 and 21 of these are shown
in Figure 7(A). The varied prevalence of landsliding (e.g., mean spatial frequency,
SF) with rock type and geologic structure in the Oakland area is well established
(Table 1). For example, old to ancient (pre-1970) landslide deposits occupy much
of the area underlain by two widespread and comparatively young geologic units
that have a high clay content, the Miocene Orinda Formation (SF = 0.28) and the
Briones Sandstone (SF = 0.27). Old landslide deposits are far less common in two
other important units, the Oakland Conglomerate (SF = 0.01) and the Redwood
Canyon Formation (SF = 0.06), both Cretaceous in age.
Prior failure Because the location of past failure is such an important clue to the
distribution of future failure, maps that show old landslides as individual poly-
gons [Figure 7(B),(C)] are essential in refining estimates of susceptibility. Brabb
et al. (1972) first demonstrated that landslide inventories can be combined nu-
merically with maps of slope gradient and geology to model susceptibility con-
tinuously over a large area. Our statistical model incorporates 6700 old landslide
deposits (exclusive of debris flows and not distinguishing the degree of failure or
triggering mechanism) identified and mapped in the Oakland area by airphoto
interpretation (Nilsen, 1975).
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FIGURE 7 Features illustrating preparation of a landslide-susceptibility map for a part of the
city of Oakland, California (Pike et al., 2001); the area shown in the four maps is about 2 km
across. (A) Geology, showing 21 of the 25 map units in Table 1; the NNW-striking Hayward Fault
Zone lies along the eastern edge of unit KJfm. (B) Inventory of old landslide deposits (orange
polygons) and locations of post-1967 landslides (red dots) on uplands east of the fault and on
gentler terrain to the west; shaded relief is from a 10 m DEM. (C) Old landslide deposits and
recent landslides overlain on 1995 land use (100 m resolution): yellow, residential land; green,
forest; tan, scrub vegetation; blue, major highway; pink, school; orange, commercial land; brown,
public institution; white, vacant and mixed-use land; road net in grey. (D) Values of relative
susceptibility at 30-m resolution mapped in eight intervals from low to high as grey, 0.00;
purple, 0.01–0.04; blue, 0.05–0.09; green, 0.10–0.19; yellow, 0.20–0.29; light-orange, 0.30–0.39;
orange, 0.40–0.54; red, 0.55. Low to moderate values 0.05–0.20 predominate in this 9 km2
sample of the study area. (See page 752 in Colour Plate Section at the back of the book.)
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TABLE 1 Mean spatial frequency (SF ratio) of mapped “pre-1970” landslide deposits for selected
geological units (after Graymer, 2000) in metropolitan Oakland; the 21 units accompanied by
a symbol appear on the map in Figure 7(A)
Symbol Geologic map unit 30 m grid cells
All Landslides Ratio
Neroly Sandstone (uncertain) 1786 1120 0.63
Siesta Formation — mudstone 5862 2937 0.50
unnamed Tertiary sedimentary & volcanic
rocks
99,233 35,956 0.36
Tccs Claremont Chert — interbedded
sandstone lens
239 72 0.30
Tor Orinda Formation 35,166 9682 0.28
Briones Sandstone — sandstone, siltstone,
conglomerate, shell breccia
32,548 8723 0.27
sp serpentinite — Coast Range ophiolite 3183 720 0.23
KJfm Franciscan melange (undivided) 12,212 2559 0.21
Tsm unnamed glauconitic mudstone 3389 438 0.13
Tsms unnamed glauconitic mudstone —
siltstone & sandstone
362 46 0.13
Tcc Claremont Chert of Graymer (2000) 10,590 1177 0.11
Ksc Shephard Creek Formation 5675 508 0.09
KJk Knoxville Formation 8164 663 0.08
Jsv keratophyre & quartz keratophyre above
Ophiolite
15,627 1212 0.08
Ku Great Valley Sequence — undifferentiated 12,706 965 0.08
Kr Redwood Canyon Formation 27,503 1697 0.06
Tes Escobar Sandstone (Eocene) 2513 141 0.06
fs Franciscan sandstone 3441 109 0.03
Ta unnamed glauconitic sandstone 163 3 0.02
Qpaf alluvial fan & fluvial deposits (Pleistocene) 61,867 1010 0.02
Kfn Franciscan — Novato Quarry terrain 7879 122 0.02
Ko Oakland Conglomerate 20,921 301 0.01
fc Franciscan chert 323 1 0.00
af artificial fill (Historic) 65,934 15 0.00
Qhaf alluvial fan and fluvial deposits
(Holocene)
125,014 254 0.00
Land-surface form The steep upland interior of metropolitan Oakland hosts many
old landslides [Figure 7(B)], while its flat coastal lowland has few old landslides
(the densely settled area, shown in yellow in Figure 7(C), does have many small
recent failures in terrain graded for development). The diagnostic geomorphic fea-
tures that reveal the presence of deep-seated failure translate into few geomorpho-
metric measures from which hazard maps can be prepared. Slope stability does,
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FIGURE 8 Contrast in landslide susceptibility of two geologic units in Oakland, California,
shown by spatial frequency of prior failure. Number of 30 m grid cells on old slide deposits/all
cells in unit, as a function of slope gradient in 1° intervals. The Claremont Chert (black) is less
susceptible than the Orinda Formation (grey). Compare mean values in Table 1.
however, vary importantly with slope gradient; the spatial frequency of landslid-
ing does not increase linearly with gradient for most rock types but rather peaks
at intermediate values of slope and declines thereafter (Figure 8). To represent the
role of surface geometry in deep-seated landsliding, a slope-gradient value com-
puted from a 30 m DEM was assigned to each digital-map grid square.
The spatial likelihood of future landsliding in metropolitan Oakland was mod-
elled by gridding digital-map databases of geology, landslide deposits, and slope
gradient in the ArcInfo GIS at 30 m resolution and combining them statistically
by a series of commands programmed as an Arc/Info macro. The resulting index
of susceptibility, output as a seven-colour map [Figure 7(D)] (Pike et al., 2001),
was computed as a continuous variable over the large (872 km2) test area at the
grid spacing of the DEM. The model further improves upon raw landslide in-
ventories and other types of susceptibility maps by distinguishing, respectively,
the degree of susceptibility between and within existing landslide deposits. Sus-
ceptibility is defined as the spatial frequency of terrain occupied by old landslide
deposits (Table 1), adjusted locally by steepness of the topography; the key op-
erational tool is an Info VAT (Value Attribute Table) file, created by the macro
for each geologic-map unit, that tabulates the percentage of grid cells that lie
on a mapped landside for each one-degree interval of slope gradient (e.g., Fig-
ure 8).
Susceptibility S for grid cells located on terrain between the old slide deposits
(88% of the study area) is estimated by the ArcInfo macro directly from the (charac-
teristically) bell-shaped distributions of spatial frequency arrayed by slope gradi-
ent for each of the 120 geologic-map units. In the Orinda Formation, for example,
where 29% of the 30 m × 30 m cells sloping at 10° are located on old landslide
deposits (Figure 8), all other cells in the same unit with a slope of 10° are assigned
that same susceptibility S, of 0.29. In the less-susceptible Claremont Chert (Fig-
ure 8), by contrast, only 5% of the cells in the 10° slope interval lie on mapped
slide masses, whereupon an S of 0.05 is assigned to all remaining 10° cells in the
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Claremont. Values of S, determined slope interval-by-one-degree-slope interval,
are unique to each value of slope gradient in each of the 120 units. Values range
from S = 0.00 for 300,000 cells in predominantly flat-lying Quaternary units to
S = 0.90 for 14 cells in the most susceptible (but quite small) hillside formation.
Existing landslide deposits are known to be less stable than the unfailed terrain
between them; accordingly, susceptibility within old landslide deposits is refined
further as Sls = S × a multiplier (here 1.33) derived from the relative spatial fre-
quencies of recent (post-1970) failures (here numbering 1192) within and outside
old deposits [Figure 7(B),(C)]. Obtaining susceptibility Sls for the much smaller
fraction of the Oakland area that is in landslide deposits is more complex. First,
raw susceptibility S was calculated for the 116,360 cells within the deposits, by
the same procedure as for cells between them. The highest S on landslide masses
is 1.00, for 70 scattered cells that occur in 21 different geologic units. To estimate
the higher susceptibilities that characterise dormant landslide deposits Sls, these
116,360 values of S were multiplied by a factor a, based on the relative frequency
of recent failures in the region:
(3.1)a =
#histls
Als
#histnls
Anls
where #histls and #histnls are the numbers of recent failures within and outside
old landslide deposits, respectively, and Als and Anls are the areas (in num-
ber of cells) of old deposits and the terrain between them. This correction,
(183/116,360)/(1009/852,643) = 1.33, indicates that recent landslides in the Oak-
land area are about 1/3 more likely to occur within old landslide deposits than
on terrain between them. Lacking historic documentation of landsliding for each
geologic unit, the 1.33 multiplier is applied uniformly to all 120 units. The highest
value of Sls is 1.33, for the same 70 cells mentioned above. The susceptibilities are
expressed as decimals rather than percentages.
REMARK 5. Some slope-instability problems can be analysed using DEM data
alone, but others require non-DEM information.
All grid-cell values of S and Sls, from zero to 133, were combined to create the
map sampled in Figure 7(D); the susceptibility range was divided into seven seg-
ments suggested by the shape of the combined frequency distribution (not shown
here) and a colour, from grey to red, assigned to each. The strong influence of
geology on the resulting map is evident in the good correlation of high suscepti-
bility with the Orinda Formation, unit Tor, Franciscan melange, unit KJfm, and the
sandstone lens within the Claremont Chert, unit Tccs (Figure 8); the importance of
slope gradient can be seen in the variation in susceptibility within each geologic
unit.
Comparison of Figure 7(D) with a 1995 map of land use, Figure 7(C), reveals
that 8% of the residential housing in the entire Oakland area, and a substantial
15% in its hilly uplands, occupies terrain where predicted susceptibility exceeds
a relatively high 0.30 (compare with the mean values for geologic units in Table 1).
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The susceptibility map (Pike et al., 2001) offered an added tool to assist in planning
further development and zoning of hillside environments in the greater Oakland
metropolitan area; it has been incorporated into the Disaster Mitigation Plan of the
adjacent city of Berkeley.
Positive results from two evaluations of the model, not described here, suggest
that it is appropriate for wider use. While the model can be applied anywhere
its three basic ingredients — geology, prior failures, and slope gradient — exist
as digital-map databases, its results could be improved by using more recent and
detailed landslide inventories and slope data and by adding parameters that better
predict recent failures in developed areas. Further predictive power may reside
in such attributes as seismic shaking, distance to the nearest road (a measure of
human modification of the landscape), and slope aspect (Pike and Sobieszczyk,
2008). Other, more complex, models of susceptibility to deep-seated landsliding
are described in recent papers referenced in this chapter.
REMARK 6. In addition to an accurate DEM of an area, an important input to
a slope-instability or landslide-susceptibility model is a map of prior failures.
3.4 Important considerations
Hazard maps created from morphometrically-supported models, regardless of their
sophistication, must not be uncritically published or applied to landslide haz-
ards mitigation. Areas of high susceptibility in Figure 7(D), while more likely
to fail than locations with low values, also include local occurrences of scattered
30 m cells that are not hazardous. More important for public safety, most low-
susceptibility areas on the map are less prone to failure than areas of high value
but are not without landslide hazard. Some of these locales slope steeply and
are subject to debris flow and other types of failure — small landslides <60 m
across, common in the area, were not included in the inventory [Figure 7(B),(C)]
on which Figure 7(D) is based. Landslide prediction also remains something of
an art, and the locus of much future landsliding cannot be identified with confi-
dence; slopes commonly fail from unanticipated blocking of surface drainage or
other consequences of hillside development, as well as from random variation in
the operation of landslide triggers and slope processes. Compiling Figure 7(D) at
a resolution coarser than 30 m might present a more actualistic picture of some of
these uncertainties.
Other potential drawbacks to the approach demonstrated here, as well as to
other regional models, include the need for accurate digital-map information on
geology, topography, and prior failure over a large area. For example, the landslide
inventory used here was not field-checked, and the contour maps from which the
30 m DEM was extracted were surveyed before most of the residential develop-
ment of the Oakland Hills, thus omitting much cut-and-fill modification of the
original land surface. Finally, susceptibility maps show the relative importance
of landsliding and thus overall stability but are only a guide to the likelihood of
future movement. Where grading for development and construction is contem-
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plated, susceptibility maps can not substitute for a detailed site report by a quali-
fied soil engineering geologist or soils engineer.
Although this chapter mainly treats slope instability due to snowmelt or high
rainfall, geomorphometry is equally important to mapping the likelihood of slope
failure triggered by earthquake and volcanic eruption. Seismically-induced land-
slides are a major hazard in all parts of the world where active geological faults
coincide with steep topography. Characteristic failures are rock falls and topples
as well as debris flows and various translational and rotational slides; portions
of large deep-seated landslides may be reactivated. Because the landslide process
must be coupled with ground motion resulting from an earthquake, thus requiring
linkage of two disparate models, creating a susceptibility map is more complicated
than for rainfall-induced landsliding (Jibson et al., 1998; Capolongo et al., 2004;
Lee and Evangelista, 2006). For example, parameters of the seismic event may
be combined with such site factors as slope gradient, aspect, and curvature;
distances from the nearest active fault, road, and drainage; and data on local
rock types and moisture content. A hazard map by Miles and Keefer (2001)
for seismically-induced landsliding (http://pubs.usgs.gov/mf/2001/2379/) in-
cludes the area shown in Figure 7. Finally, lahars are fast-moving highly fluid
mudflows of pyroclastic materials and water, commonly derived from glacial ice
melted by a volcanic eruption. Their flowpaths and zones of deposition can be
modelled by DEMs and menu-driven ARCINFO GRID software1 (Schilling, 1998;
Iverson et al., 1998).
REMARK 7. Models predicting the location of slope instability and mass-
propagation require careful calibration to optimise accuracy.
4. SUMMARY POINTS
Geomorphometry provides analytical tools and generates DEM-derived data that
have revolutionised the spatial modelling of slope failure and mass movements.
The resulting large body of findings has advanced our understanding of landslide
processes in the natural environment and is being applied to the protection of hu-
man life and property. The accompanying literature is growing rapidly in volume
and sophistication. An important objective of this research is its inclusion in plans
adopted by government officials for land-use zoning and development, at both
local and regional scales.
Spatial models of landslide likelihood based on geomorphometry need to be
checked for accuracy, because any output map claiming to represent hazard poten-
tial carries implications for land-use policy and public safety. All-too-commonly
the statistical testing of a landslide model is referred to by the misleading term-
of-art validation. However, such models of natural systems cannot be validated in
the True/False sense implied by this term; rather, a model can only be evaluated —
for its internal goodness-of-fit or suitability for a particular application (Oreskes
1 Available at http://pubs.er.usgs.gov/usgspubs/ofr/ofr98638/.
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et al., 1994; Zaitchik et al., 2003). Such assessments for a spatial model of slope
failure usually involve dividing a sample of existing landslides by map location
or year of failure (preferred) and running the model separately on both subsets,
or by applying the model to nearby landslides in an environmentally similar area.
The truest test, of course, remains a future landslide event that generates a fresh
population of failures in the same area.
We close this chapter with brief appraisals of the GIS models that illustrate
the two general topics highlighted in this chapter, downslope spread of material
released in alpine mass-movements and the mapping of landslide susceptibility in
hilly topography.
The propagation of mass movements in mountainous areas can be modelled by
GIS in many ways; existing approaches include the specific as well as the general
and are based on different principles. The parametrisation methods demonstrated
here for modelling single and multiple flow-direction routing and deposition have
the drawback of neglecting transport dynamics but offer many clear advantages,
among them:
• rapid implementation/easy availability;
• operation with minimal input data (e.g., in remote regions); and
• fast computational evaluation that allows investigation of the typically great
uncertainties in the model input.
Various regional models of the landslide hazard have been proposed for GIS
implementation, and each has its strong and weak points. The multivariate ap-
proach described here for mapping susceptibility to deep-seated failure is empiri-
cal and straightforward. Shortcomings of the method involve quality and avail-
ability of input data rather than robustness of the model itself, which has the
following conceptual advantages:
• it can be implemented quickly over a large area, limited only by the extent
of the input data;
• method, data, and areal coverage all are 100% quantitative;
• spatial resolution can be as fine as that of the DEM (if high resolution makes
sense);
• the susceptibility index is a continuous variable with a range of values
within, as well as between, existing landslides;
• the model is transparent rather than black-box: values of the index can be re-
lated directly to field observations; and
• the method is portable; it applies anywhere the necessary data are available.
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